Introduction
Modern technologies rely not only on traditional inorganic semiconductors, but also on organic materials. In particular, organic semiconductors based on conjugated oligomers and polymers have technological applications owing to their compatibility with lowtemperature processing, the relatively simple thin-film device fabrication, and the tunability of their electronic properties based on the richness of synthetic organic chemistry. Here, we are interested in molecular materials in their crystalline form, which play a role in the fields of both theoretical and experimental research. We will focus the attention on their UVvisible optical properties. Compared to amorphous films, crystalline materials exhibit well defined polarization of the electronic states and interesting effects related to the anisotropic propagation of light. First of all, in order to maximize coupling to the crystal electronic transition moment, the pumping photon beams must be precisely aligned (Fichou et al. 1997) . Emission is then observed with defined directions of propagation and of polarization. Optical gain can also result in amplified spontaneous emission (ASE), which is characterized by a spectrally narrowed emission upon increasing the excitation fluence above a threshold. Gainnarrowing has been demonstrated in a number of molecular crystalline materials, such as oligothiophenes, oligo(p-phenylene), oligo(p-phenylene vinylene), trans-1,4-distyrylbenzene, cyano derivatives, fluorene/phenylene co-oligomers, hydroxy-substituted tetraphenylimidazole, and 1,1,4,4-tetraphenyl-1,3-butadiene (Fichou et al. 1997 (Fichou et al. , 1999 Hibino et al. 2002; Horowitz et al. 1999; Ichikawa et al. 2003 Ichikawa et al. , 2005 Losio et al. 2007; Nagawa et al. 2002; Park et al. 2005; Polo et al. 2008; Tavazzi et al. 2006c Tavazzi et al. , 2007 Tavazzi et al. , 2008 Tavazzi et al. , 2010b Xie et al. 2007; Zhu et al. 2003) . Relatively low thresholds have been recently reported for p-sexiphenyl samples. Selfwaveguided emission has been observed in needle-shaped crystals of this molecular species grown on potassium chloride (001) substrates (Cordella et al. 2007; Quochi et al. 2005; Yanagi et al. 2001; Yanagi & Morikawa 1999) with threshold down to 0.5 J/cm 2 . Random lasing from isolated nanofibres of various widths has also been reported and discussed by Quochi et al. (Quochi et al. 2005) . For the same molecular species in the bulk crystalline form, ASE was reported (Losio et al. 2007 ) with different thresholds depending on the www.intechopen.com pumping rates (ns: 0.885 mJ/cm 2 , fs: 0.110 mJ/cm 2 ). The same authors also reported that exciton annihilation seems to be responsible for the increase of the ASE threshold in bulk crystals compared to nanofibers. The increase was attributed to differences in the exciton annihilation rate from the nanofibres to crystals, which, in turn, were attributed to the different molecular packing, namely to the different crystalline phase of bulk crystals with respect to nanofibres. Another example of emission gain narrowing has been reported to occur for single crystals of a thiophene/phenylene co-oligomer (Ichikawa et al. 2003; Nagawa et al. 2002) . For these co-oligomers, thresholds as low as 0.027 mJ/cm 2 at room temperature have also been reported. Besides ASE and random lasing, some studies have also been reported on the coupling of excitons with photons in microcavity structureswhich is a rapidly growing field of research, in particular as far as strong coupling phenomena are concerned, which may lead to novel laser devices such as the polariton laser (Klaers et al. 2010) . Strong exciton-photon coupling has been demonstrated in microcavities of single crystal and thin film anthracene (Kena-Cohen et al. 2008; Kondo et al. 2009 Kondo et al. , 2008 . More recently, Kéna-Cohen and Forrest observed polariton lasing at room temperature from a microcavity containing melt-grown anthracene single-crystal, with a threshold lower than the estimated threshold for conventional lasing in the same system (Kéna-Cohen et al. 2010) . In order to better understand the origin of some gain-narrowed emission bands of molecular single crystals, the dependence of the excitation threshold on excitation lengths has been studied for poly(p-phenylene-vinylene) (Frolov et al. 1998 ) and for 5,5''-bis(4-biphenylyl)-2,2':5',2''-terthiophene (Hiramatsu et al. 2009; Matsuoka et al. 2010) . Here, we discuss three prototypical molecular crystals. They show remarkable changes in the energy, intensity, order, and polarization of the optical bands with respect to the single molecule. These species are: (i) 1,1,4,4-tetraphenyl-1,3-butadiene (TPB), a highly-efficient blue emitting material, (ii) dibenzo [d,d′] thieno [3,2-b;4,5-b′] dithiophene (DBTDT), a stable heteroacene reported in the literature for its good field effect mobility, (iii) N-pyrrole endcapped thiophene/phenyl co-oligomer (TPP), a molecule designed to explore the effect of an electron-rich aromatic ring, such as pyrrole, to end-cap oligothiophenes. Fig. 1 shows the structure of the three selected molecular species. TPB is taken into consideration to discuss possible remarkable differences between polymorphs of the same molecular species. DBTDT is used as example to discuss the possible changes of the order of the excited states due to intermolecular interactions. Finally, TPP offers a prime example of the phenomenon of directional dispersion in which the molecular orientation within the crystal exposed face affects the absorption spectra. The chapter discusses some different techniques for the growth of molecular crystals (Section 2) and the microscopic and macroscopic theories of their optical properties, which is applied to the three selected species (Section 3). The general focus is on the UV-visible absorption properties, which are described and rationalised in the framework of the exciton theory of molecular materials. Some discussion on the emission properties is also given, but on a more qualitative level related to the molecular organization within the crystal. We emphasise that for a full description of the polarized emission spectra of molecular crystals, the excitonic bands should be studied as a function of momentum in the first Brillouin zone, while these details are here omitted. In contrast, for the interpretation of the absorption properties only the excitons at the centre of the Brillouin zone (k=0) need to be considered.
Growth of molecular crystals

Vapour-transport growth
The physical vapour growth of organic semiconductors is well described in the literature (Kloc et al. 1997; Laudise et al. 1998; Siegrist et al. 1998) . We have adopted a horizontal reactor arrangement, similar in design to that described by Laudise et al. . The tube was placed in a three-zone furnace, which provided a suitable temperature gradient along the length of the tube under inert gas (nitrogen) at a flow rate of the order of a few tens of ml/min. The starting material was placed in a glass crucible at the position of the source temperature. For example, for the growth of TPB crystals the source was heated at 175°C in the first zone. The temperature descended to 135° at the end zone following a roughly linear temperature gradient. The nitrogen flux was 50 ml/min. Platelet crystals were obtained; few images are shown taken under the optical microscope ( Fig. 2) and under the fluorescence microscope (Fig. 3) . 
Floating-drop growth
An alternative method for the growth of molecular crystals uses the technique of mixed solvents with different solubility in the extreme case where the molecule is completely insoluble in one of the solvents. The level of supersaturation in solution is typically lower than that of the vapour phase, so that the nucleation rate is reduced and the size of the crystal typically increases. To further reduce the nucleation, often induced by the vessel walls, the solution can be left on the surface of a denser and immiscible liquid. This method has been described elsewhere and called floating-drop technique (Adachi et al. 2003; Campione et al. 2005) . For example, single crystals of DBTDT were obtained by such a floating-drop technique. Crystals grew as platelets with one accessible face for optical investigation. Images of a crystal are reported in Fig. 4 as taken under the optical microscope. The image on the left was taken with crossed polarizer and analyzer for a generic orientation of the sample. In this configuration, the emerging electric field is rotated with respect to the incident electric field and the angle of rotation depends on the wavelength of light and on the crystal thickness (birefringence). For this reason, the crystal is clearly distinguishable with respect to the dark background. The image on the right was taken with parallel polarizer and analyzer. The crystal appears slightly coloured (yellow due to the absorption of the complementary blue light). 
Melt growth
When a molecular species possesses a well-defined melting point and remains stable at the corresponding temperature, crystals can be grown from the melted compound. This method is useful for incorporating crystalline materials into well-defined device geometries and several examples have been reported in the literature. For example, Hibino and co-workers reported the crystallization from the melt of anthracene and other oligomers . They also observed ASE for many of them. The technique has also been adopted by Forrest's group in the fabrication of organic crystalline microcavities of anthracene grown by the melted compound (Kena-Cohen et al. 2008 , Kena-Cohen et al. 2010 . Another example has been reported (Liu & Bard 2000) on the growth and purification by zonemelting of organic single-crystals. Our group has similarly employed the melt-growth technique to grow crystals of the compounds TPB and TPP. Figure 5 displays an image taken under an optical microscope of a TPB crystal grown from the melted compound onto a quartz substrate. This substrate was initially functionalized with trichloro 3-bromopropylsilane followed by bromine substitution with dithiocarbamate. Large crystalline domains are 500 m 500 m www.intechopen.com observed. Other images of TPB grown from the melt between two quartz substrates are shown in Fig. 6 . In this case, a fan-like distribution originating form a nucleation point is observed. The alternating ridge and valley bands are indicative of a rhythmic type of crystal growth as a result of the inability of the molten TPB to diffuse to the crystallization front. The image on the left (right) was taken with parallel (crossed) polarizer and analyzer.
Fig. 5. Image taken under the optical microscope of TPB grown from the melted compound on a functionalized quartz substrate. The image was taken with crossed polarizer and analyzer for a generic orientation of the crystal, so that both interference and birefringence (but manly birefringence) contribute to give the observed fringes in regions of different thickness. Fig. 6 . Images under the optical microscope of a melt-grown TPB sample. They were taken with either parallel (left) or crossed (right) polarizer and analyzer for a generic orientation of the sample. Both interference and birefringence contribute to give the coloured fringes in regions of different thickness.
Another compound that is suitable for melt growth is TPP. Figure 7 shows the images taken under the fluorescence microscope at different temperatures during the growth of a sample of TPP from the melted compound. The starting polycrystalline powder was placed in the hot-stage apparatus and heated. The starting polycrystalline powder shows a disordered orange photoluminescence (inset of the first panel). The emission colour shifts to the green where the melting point (T=380°C) is approached (panel 1). Upon decreasing the temperature, crystallization takes place and abruptly the green regions clearly show orange borders and dark exposed surface (panels 2 and 3), which are even more evident when further decreasing the temperature (panel 4). We mention that a discrepancy between the nominal temperatures and the temperature of the sample is expected due to the presence of a quartz substrate between the material and the heating element. Figure 8 shows a fluorescence microscope image of another melt-grown TPP crystal. The macroscopic order and the presence of cracks in this type of crystal are likely to be improved by adopting a slower and proper temperature profile during the growth. Nevertheless, these crystals exhibit self-waveguiding of the emitted light as a consequence of molecular packing and the melt technique is highly suited as a possible approach for device integration. 3. UV-visible optical properties of molecular crystals 3.1 Microscopic and macroscopic theory of the optical properties of molecular crystals Organic molecular semiconductors are formed by molecules interacting via relatively weak van der Waals forces. Parallel molecular stacking, herringbone, and face-to-face arrangements are often found in the solid state. Absorption and emission spectra of molecular crystals are dominated by Frenkel excitons, which are very different from the Wannier-Mott excitons of conventional inorganic semiconductors. Molecular crystals are characterized by electronic energy bands separated by energy gaps. However, the band gap is strongly influenced by the molecular electronic transition between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) and it can be easily tuned to cover the whole UV-visible range by selecting the appropriate organic molecule. Molecular crystals are also characterized by narrow bands as a function of momentum k (typical bandwidths of tenths of an electronvolt), relatively large effective masses, and small dielectric constants. Due to these structural properties, they support Frenkel excitons, which consist of electron-hole pairs residing on the same molecule and have large binding energies (of the order of 1 eV). In addition, excitonic transitions in these materials typically show strong optical anisotropy, often associated with strong directional dispersion depending on the direction of the incoming light. By contrast, inorganic semiconductors, which are made of covalently bonded atoms, have relatively wide bands, 0.5 mm www.intechopen.com small effective masses, and large dielectric constants. They therefore support Wannier-Mott excitons, characterized by a large electron-hole separation (much larger than the lattice constant) and by a small binding energy (of the order of 1 meV). Another striking difference between the two classes of semiconductors is that an optical excitation can easily create Frenkel excitons in molecular crystals, while it usually creates free carriers in inorganic semiconductors, Wannier-Mott exciton absorption lines appearing only at low temperatures just below the band edge.
In the following, we discuss the role that molecular packing plays in governing the UVvisible optical properties of molecular materials. In the framework of the Frenkel-Davydov theory, molecules in a crystal are treated as two level systems where the excited state corresponds to the presence of a Frenkel exciton. When interactions between different molecules are taken into account, optical properties are determined by the eigenstates of the whole crystal and they strongly depend on molecular packing. Since intermolecular interactions are much smaller than the molecular transition energy, coupling between crystal states with different numbers of excitons can be neglected. This is called the HeitlerLondon approximation. In the materials we study, molecular excitations occur in the UVvisible range of the spectrum and optical properties are mainly determined by crystal states with a single exciton. Within the above approximations we will now consider a molecular crystal made of N cells, each containing  molecules. Crystal excitonic states are conveniently expressed in terms of delocalized states with a given wave vector k, defined as
where , n indicates a state in which the electronic excitation resides on molecule  in cell n while all other molecules in the crystal are in their ground state. The  excitonic bands at each k can then be found by diagonalizing the crystal Hamiltonian 0 ,,
where 0   is the molecular excitation energy, D is the gas-to-crystal shift and the resonance-interaction matrix is defined as
() J  n being the interaction energy between a molecule of type  in cell 0=(0, 0, 0) and a molecule of type  in cell n. The primed summation indicates that self-interaction must be excluded, i.e. if = then n(0, 0, 0). Molecular interactions inside the crystal are often approximated to be (screened) interactions between point-dipoles located at the centre of mass of each molecule and corresponding to the dipole moment of the molecular transition. Such an approximation fails for molecules close to each other compared to their dimensions and it can be improved by using the transition charge distribution method, which consists in www.intechopen.com approximating the delocalized molecular transition dipole with a distribution of point charges located at atomic positions (Alessandrini et al. 2011 , Markovitsi et al. 1995 , Scholz et al. 2000 , Vragovic & Scholz 2003 ). An even more accurate estimate of the molecular interactions can be obtained by quantum mechanical calculations involving several molecules, but such a refinement would be relevant only for nearest-neighbour or nextnearest-neighbour molecules and, in our test cases, would only slightly correct the absorption spectra. Particular care must be taken in computing the matrix elements () J  k  , which, in the case of an infinite three-dimensional crystal, are non-analytic functions of k as k0. If molecules are approximated by point-dipoles it is possible to evaluate the infinite sum (2) using Ewald's method (Philpott & Lee 1973) , which allows to isolate the non analytic term corresponding to long-range molecular interactions. It is therefore possible to calculate Coulomb or mechanical exciton states by including or neglecting long-range interactions. Ewald's method can also be applied in conjunction with the transition charge distribution method, because even in that case interactions between distant molecules are well approximated by interactions between point-dipoles. Once excitonic bands have been computed, it is possible to compute absorption spectra through the macroscopic dielectric tensor  ij . Since the wave vector of the incident light is usually much smaller than the reciprocal lattice cell size, absorption is due to excitonic states with k0, which also correspond to poles in the macroscopic dielectric tensor. The latter can be explicitly computed as a function of the incident light energy,   , as
where   is the high frequency dielectric constant, V is the unit cell volume,  is a damping factor which determines the width of the absorption line shape, E n is the energy of the nth mechanical exciton state at k=0 and d n,i is the ith component of its dipole moment. We point out that since mechanical excitons enter equation (3), the limit k0 is well defined and does not depend on the direction of k. Having the dielectric tensor, absorption and reflection spectra can be computed for a slab geometry by means of a transfer matrix method (Schubert 1996) . In the case of more than one molecule per cell (>1) the Davydov splitting between excitonic bands at k=0 can be computed for each possible orientation of the crystal by simulating the absorption spectra of a very thin film. The above procedure splits the problem of computing absorption into two parts. First we compute the microscopic mechanical exciton states and then we consider the propagation of light in an anisotropic medium, including long-range interactions through the macroscopic dielectric tensor. This theoretical approach takes full account of all the crystal symmetries and the numerical calculations provide a fairly accurate description of the dispersion of the purely excitonic bands, allowing a quantitative comparison with experiments (Raimondo et al. 2006; Silvestri et al. 2009; Spearman et al. 2005; Tavazzi et al. 2006a Tavazzi et al. , 2006b .
It is important to recognize that the properties of excitons in molecular crystals are strongly influenced by their coupling to intramolecular phonons, which give rise to the vibronic progressions typically observed in optical spectra. This is because in organic semiconductors electronic excitation is accompanied by significant nuclear rearrangements, which do not (or vibrons) , in which the electronic excitation and   vibrational quanta reside on the same molecule. Such an approximation ignores higher particle states in which the deformation of the lattice surrounding the excitation allows for ground-state vibrations to coexist on neighbouring molecules (Philpott 1971 , Spano 2003 . In this regime, also called vibronic coupling regime, crystal eigenstates can be expressed in terms of delocalized vibronic states
where the additional quantum number   indicates the number of vibrational quanta residing on molecule  in cell n. The corresponding vibrational Hamiltonian is 00 0 ,, , are the Franck-Condon overlap factors. As it can be seen, in this coupling regime, the oscillator strength is redistributed among all the vibronic excitons with k=0 and each excitonic absorption line is replaced by a progression of vibronic replicas. As the intermolecular coupling increases, the spectral centroid of each vibronic progression tends to shift and the Davydov splitting between different progressions increases. In the extreme case of strong excitonic coupling regime, all the oscillator strength of each progression is again concentrated in a single peak, corresponding to the free exciton state. There is essentially no nuclear relaxation subsequent to the electronic excitation because the excitation resonantly jumps to a neighbour before relaxation can occur. A more detailed description of the various exciton-phonon coupling regimes and of their spectral signatures in molecular aggregates can be found in the literature (Spano 2010) .
TPB
TPB forms single crystals and can grow in at least three polymorphic forms (Baba et al. 2003; Girlando et al. 2010; Ino et al. 2000; Tavazzi et al. 2010b ). The two most commonly obtained polymorphs have monoclinic structures known as  and  forms (Table 1) . -TPB is particularly interesting as it exhibits amplified spontaneous emission (ASE) from the widest crystal face (Tavazzi et al. 2010b ). The essential crystallographic parameters of the two structures are reported in (Girlando et al. 2010 ).
The electronic optical transitions of the isolated TPB molecule were calculated as reported elsewhere (Girlando et al. 2010; Tavazzi et al. 2010b ). The lowest energy transition is found at about 3.6 eV for the conformations of both the  and the  polymorphs. In both cases, the lowest transition is by far the strongest one calculated in the interval 3-4.8 eV, and is strongly polarized along the longest inertial axis of the molecule (L), that is, along the butadiene skeleton, where the HOMO and LUMO are mostly localized. All the components of the transition dipole moment along the principal molecular axes L, M, N (where M and N are other inertial axes of the molecule, N being the shortest one) are reported in Table 2 . Table 2 . Components along the L, M, N molecular axes of the calculated dipole moments (Debyes) of the molecular electronic transition at lowest energy of -and -TPB and components along the unit-cell axes of the unit-cell excitonic transitions.
What is relevant is the relative orientation of the molecules within the crystal and especially with respect to the most developed crystal face to determine different UV-visible properties. The  polymorph has two molecules per unit cell, so that each molecular electronic transition gives rise to two excitonic bands. Both bands are optically allowed at k=0 (centre of the Brillouin zone). They are polarized in the ac plane and along the monoclinic b axis, respectively. For the molecular transition calculated at 3.6 eV, the projections of the unit-cell excitonic transition dipole moments at k=0 are reported in Table 2 with respect to the (abc*) frame of reference (the most developed face of the crystals is typically along the ac plane). The two excitonic transitions have comparable intensities, and the direction of polarization of the ac component is predicted at 32° to the a axis. In -TPB there are four molecules per unit cell, so that each molecular electronic transition gives rise to four excitonic bands. Only two of them are optically allowed, which are polarized in the ac plane and along the monoclinic b axis, respectively ( Table 2 ). The most developed face of these crystals is typically along the bc plane. We notice that the b component of the  polymorph is negligible, so that the corresponding ac exciton takes almost the whole available oscillator strength. In particular, the latter is mostly polarized along c. Figure 9 summarises the resonant splitting of the electronic transitions from the single molecule to the crystalline  or  polymorphs. The different way that the excitonic oscillator strength is distributed in the two polymorphs arises from the relative orientation of the butadiene skeleton between individual molecules in the two unit cells. In the  phase the butadiene backbones are arranged in a sort of herringbone structure, while in the -phase the butadiene skeletons are parallel to each other and parallel to the c axis. As a result, one exciton dominates the UVvisible absorption spectrum and has twice the intensity of the corresponding -transitions. Fig. 9 . Schematic picture of the modification of the first electronic transition of TPB from the isolated molecule (second panel) to the  and  crystals (first and third panels, where the labels indicate the polarization with respect to the unit-cell axes). The typical exposed face of the crystals of the two phases is also indicated.
The polarized absorption spectra of the exposed ac and bc crystal faces of -and -TPB, respectively, are reported in Fig. 10 . The two continuous curves correspond to two orthogonal polarizations giving the maximum (//) and minimum () absorbance measured at normal incidence between 3 and 4 eV. The // spectrum saturates above about 3 eV. Despite the saturation, a band can be recognized. For the  polymorph, the maximum absorption at normal incidence is typically measured when the electric field of the incident light forms an angle of about 30° to one of the edges of the crystal. The comparison with the predicted value of 32° indicates that this edge corresponds to the a axis and the intense saturated band is attributed to the ac excitonic state of -TPB. As expected, it becomes negligible in the  spectrum. For the  polymorph, the maximum absorption typically corresponds to one edge of the crystal. Indeed, the main peak can be attributed to the strong ac excitonic component, in particular to its c component (bc being the exposed face and the c axis lying along one edge of the crystal). At oblique incidence, another peak emerges centred at about 3.77 eV only for the  phase. It is attributed to the b-polarized excitonic component, which for this polymorph lies perpendicular to the exposed face. No emerging peaks were detected for the  phase, in agreement with the calculations which predict a negligible b-polarized component.
Up to now, we neglected possible effects due to vibronic coupling. The coupling of the electronic states with vibrational modes could induce shifts of the maxima of the optical bands resulting from a redistribution of the oscillator strength among the replicas. Fig. 11 shows the comparison between the simulated spectra (assuming weak excitonic coupling with one effective mode) for the polarization of the maximum absorption at normal incidence of the two polymorphs (i.e. at 32° to the a axis for the  polymorph and along the c Osc. Str.
mol.
Osc. Str. www.intechopen.com axis for the  polymorph). The replicas at lowest energies are favoured in the  phase, indicative of J-type i interaction, whilst the ac-polarized spectra of the polymorph shows a Fig. 10 . Polarized absorbance spectra of monocrystals of -TPB (left) and -TPB monocrystals measured at normal incidence on the accessible face with two orthogonal polarizations corresponding to the minimum () and maximum (//) absorption between 3 and 4 eV and absorbance spectra (only for the  polymorph) taken at oblique incidence (angles of incidence 15° and 30°) with p-polarized light with plane of incidence defined by the direction of polarization of minimum absorption at normal incidence and the normal to the surface. Insets: sketch of the unit cell of the two polymorphs (left: , right: ). Fig. 11 . Simulated absorbance spectra (vibronic approximation) corresponding to the polarization of the maximum absorption at normal incidence on the ac face of -TPB (left) and on the bc face of -TPB (right) (polarization direction at 30° to the a axis for the  polymorph and along the c axis for the  polymorph). The width of the arrows is proportional to the oscillator strength of the electronic transition. shift of the maximum in absorption to higher energies due to the positive interaction energy for the upper transition, which is the one observed at normal incidence (H-type). As far as the emission is concerned, the excitonic bands should be studied as a function of momentum k in the Brillouin zone. When the minimum of the excitonic band at the lowest energy is at k=0 or when the state at k=0 is thermally populated, the zero-phonon 0-0 emission transition is allowed and it is polarized as predicted by the excitonic model. For the  phase, the 0-0 emission transition is expected to be b polarized, in contrast to its vibronic replicas which are expected to be only partially polarized (Spano 2003 (Spano , 2010 . Since the crystals typically show the most developed face along the ac plane, the emitted light corresponding to the 0-0 transition is expected to be self-waveguided towards the borders, while at lower energy the emission from the replicas is expected both from the ac face and self-waveguided from the borders. For example, the image on the left of Fig. 3 was taken under the fluorescence microscope on a crystal with  crystal structure. In comparison, the 0-0 transition of the  polymorph is expected to be ac polarized, mainly along the c axis, which lies in the exposed bc face. Therefore, the 0-0 transition is expected to be detected when collecting the light from the face. The emission from the replicas is expected to be only partially polarized, but with much stronger intensity in the c polarization. Indeed, the molecular packing shown in the insets of Fig. 10 clearly indicates that in the  phase (and only in the  phase) the molecular transition moments (L polarized) are almost entirely parallel to the c axis (as also confirmed by the data in Table 2 ).
 bc face
Energy
DBTDT
In order to circumvent the relatively low environmental stability of pentacene, heteroacenes, in which a carbocyclic ring or rings are replaced by a heteroaromatic group, have recently emerged (Anthony 2006 (Anthony , 2008 Bendikov et al. 2004; Gao et al. 2007; Gundlach et al. 1997; Jurchescu et al. 2004; Klauk et al. 2002; Li et al. 1998 , Maliakal et al. 2004 Okamoto et al. 2005; Osuna et al. 2007; Sheraw et al. 2002; Wex et al. 2005; Xiao et al. 2005) . DBTDT belongs to this family and here we use it to discuss an example of how the order of the electronic excited states changes due to intermolecular interactions. Okamoto and co-workers reported a UV-visible photophysical characterization and attribute the observed absorption bands of DBTDT to vibronic transitions of the single molecule (Okamoto et al. 2005) . The electronic properties of the single DBTDT molecule and the structural properties in the solid state (Table 3) have been widely discussed also by Osuna et al., together with other thiopheneand selenophene-based heteroacenes studied by UV-visible-NIR spectroscopy (Osuna et al. 2007 ). The UV-visible absorption of a vacuum-deposited thin film of DBTDT has also been reported, which shows a characteristic red-shift of the lowest energy transition from solution to the solid state (Gao et al. 2007) . Table 3 . Crystal data of DBTDT (Okamoto et al. 2005) .
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As discussed elsewhere (Alessandrini et al. 2011) , the electronic optical transitions of the isolated molecule in vacuum and the corresponding directions of polarization were calculated using as input parameters the molecular geometries obtained from the crystallographic data. The components of the transition moments along the molecular axes (L, M, N, where L and N are the longest and shortest axes, respectively) are reported in Table  4 for the two lowest electronic transitions. The lowest energy band observed in solution (Okamoto et al. 2005; Osuna et al. 2007 ) is attributed to the transition calculated at lowest energy, which is also the strongest one. The calculated unit-cell dipole moments of the excitonic transitions at k=0 are also given in Table 4 . Since the L molecular axes of all the four molecules in the unit cell are parallel to b, L-polarized molecular transitions give rise to a pure H aggregate and only one allowed b-polarized excitonic transition which is blueshifted with respect to the molecular transition. By comparison, the molecular M-axes are organised in a herringbone fashion in the ac plane so that each M-polarized transition gives rise to two allowed excitonic transitions polarized along the a and c axes with significant projections along both of them. Fig. 12 . Absorbance spectra of a DBTDT single crystal (50 nm thickness) taken at normal incidence with two orthogonal polarizations corresponding to the extremes high-energy shift (E//c) and low-energy shift (E//a) of the peaks between about 3.4 and 3.8 eV. Inset: spectra taken on the same crystal with intermediate polarizations. . Absorbance spectra of a DBTDT single crystal taken at different angles of incidence from 0° to 60° on the accessible face (ac) with p (ab) polarized light using the plane (ab) formed by the normal to the surface and the direction of polarization labelled as E//a in Fig.  12 as plane of incidence.
Polarized absorption spectra were taken at normal incidence to the most developed face of DBTDT crystals. Figure 12 shows the spectra of a monocrystal of about 50 nm in thickness. The reported spectra were measured with two orthogonal polarizations corresponding to the extremes of the low-and high-energy shift of the peaks between about 3.4 and 3.8 eV (the spectra taken with intermediate polarizations are shown in the inset in a restricted energy range). These two polarizations also correspond to the two directions of the electric field which give extinction of the transmitted light under crossed polarizer and analyzer. The spectra are dominated by two orthogonally-polarized vibronic series, with peaks at 3.45, 3.61 eV, and a shoulder at about 3.78 eV in one case, and at 3.46, 3.62 eV and a shoulder at about 3.78 eV in the other case. The stronger intensity is observed in the latter case. In Fig.  12 , the two polarization directions are labelled E//a and E//c, since the comparison with the theoretical prediction (see below) allows deducing the corresponding polarization with respect to the axes of the crystal unit cell. Figure 13 shows the spectra taken at oblique incidence with p-polarized light (polarized in the plane of incidence) with plane of incidence formed by the normal to the surface and the direction of polarization labelled as E//a in Figure 12 . Besides the replicas in the low-energy portion of the spectrum, at oblique incidence an emerging broad band is detected centred at about 4.07 eV, together with a further shoulder at about 4.6 eV and a structure at about 4.8 eV. The maximum intensity for these bands is detected for the highest angle of incidence; it decreases with decreasing angle of incidence, and eventually disappears at normal incidence. The comparison between the experimental results and the theoretical predictions allows deducing that the accessible face, which is also the most developed one of the crystal, is the ac face. Indeed, two different excitonic transitions are detected in the normal incidence spectra, which are slightly shifted and orthogonally polarized. These bands are therefore attributed to the excitonic transitions (showing a vibronic progression) originating from the second M-polarized molecular electronic transition (calculated at 3.95 eV in this work and at 3.89 by Osuna et al. (Osuna et al. 2007 ). The labels E//c and E//a in Fig. 12 derive from this attribution. The Davydov splitting between the corresponding replicas of the a and c progressions is about 0.01 eV. Such a low value indicates that, for this electronic transition, exciton coupling is relatively weak ( 2 W v    ). At higher energy in Fig. 12 , broad and weaker bands are detected at about 4.21 and 5.07 eV, and 4.21 and 5.08 eV, for the two polarizations. These bands are attributed to other excitonic transitions in the ac plane of M molecular origin. The emerging band at 4.07 eV in oblique incidence spectra is attributed to the b-polarized excitonic transition originating from the strongest transition of the single molecule at the lowest energy. This molecular transition has been calculated at 3.86 eV in this work and at 3.77 eV by Osuna et al. (Osuna et al. 2007 ) and has been observed at about 3.6 eV in the solution spectra (Osuna et al. 2007; Okamoto et al. 2005) . The blue-shift observed in the crystal spectra is explained by the arrangement of the corresponding Lmolecular transition moments forming a pure H aggregate. We underline that polarized spectroscopy on monocrystals shows that there is no correspondence between the replicas observed at lowest energy in the solid state (originating from the second molecular transition) and the strong electronic transition at lowest energy of the single molecule. The diagram in Fig. 14 schematically shows the modification of the first and second electronic states from the single molecule to the crystal. Numerical calculations based on the method described in section 3.1 predicted, in the case of the first molecular transition, a Davydov splitting of 0.44 eV between the dark exciton at lowest energy and the allowed b-polarized upper exciton while, for the second molecular transition, the Davydov splitting between the two allowed excitons was found to be less than 0.01 eV, thus confirming the weak excitonic coupling of the second M-polarized molecular electronic transition. This suggests that the lowest excitonic transition (dark) coming from the first molecular transition is expected to be at about the same energy as the excitonic transitions detected in the normal-incidence spectra, which stems from the second molecular M transition. 
TPP
TPP is now taken into consideration to discuss another phenomenon, which may strongly influence the optical properties of molecular crystals, namely directional dispersion. Among thiophene/phenylene co-oligomers, this thiophene/phenyl co-oligomer end capped with pyrrole has been recently designed to explore the effect of an electron-rich aromatic ring, such as pyrrole, to end-cap oligothiophenes (Tavazzi et al. 2010a Table 5 . Crystal data for the  and  polymorphs of TPP (Tavazzi et al. 2010a ).
The electronic optical transitions of the isolated molecule in vacuum were calculated (Tavazzi et al. 2010a ) using as input parameters the molecular geometries obtained from the crystallographic data (Table 5 ). They were found at 2.95, 4.18, and 4.52 eV. In solution, the lowest absorption band was measured at about 3.1 eV (not shown here) and it is attributed to the lowest calculated transition. This transition is the strongest one with oscillator strength of 12.8 Debyes, which is quite high, compared to other conjugated molecules. For example, the lowest electronic transition of two of the most studied oligothiophenes, quaterthiophene and sexithiophene, have transition moments of about 10.6 and 10.4 Debyes, respectively (Petelenz & Andrzejak 2000; Silvestri et al. 2009; Spano et al. 2007 ). The components of the TPP transition at lowest energy with respect to the molecular inertial axes are listed in Table 6 and the results clearly indicate the strong polarization of the molecular transition at lowest energy along the long (L) molecular axis. In the crystal, each molecular electronic transition is predicted to give rise to two excitonic transitions, which are b and ac polarized. The components of the excitonic transitions were calculated and are provided in Table 6 . There is a very weak b component and a strong ac component, mainly polarized along c*, namely along the normal to the most developed face of the samples (the angle between the ac transition moment and the c* axis is calculated to be about 7°). Indeed, the arrangement of the corresponding molecular transition moments in the unit cell gives rise to an almost pure H aggregate with almost parallel molecular transition moments. Table 6 . Components along the L, M, N molecular axes of the calculated dipole moment (in Debyes) of the molecular electronic transition at lowest energy of TPP and components along the unit-cell axes of the corresponding unit-cell excitonic transitions.
The measured absorption spectra taken in different configurations of a TPP single crystal are r e p o r t e d i n F i g . 1 5 . A t n o r m a l i n c i d e n c e , the spectra correspond to two orthogonal polarizations giving the minimum and maximum absorption in the considered spectral range. These two polarizations also correspond to the two directions of the electric field which give extinction of the transmitted light under crossed polarizer and analyzer. The variable-angle measurements (at the angles of incidence indicated by the labels) were taken with p polarized light with plane of incidence formed by the normal to the surface and the www.intechopen.com direction of polarization of the maximum absorption measured at normal incidence. The spectra are dominated by a main broad band. The intensity and shape of this band strongly depends on the angle of incidence. The maximum intensity is detected for the highest positive angle of incidence (the centre of the band can be tentatively deduced to be 3.75 eV), it decreases with decreasing angle of incidence down to zero at about -15°, and finally it again emerges slightly shifted at higher energy (the maximum is found at about 3.85 eV). This indicates that the corresponding transition moment has a strong component along the normal to the surface and shows directional dispersion (Philpott 1969; Spearman et al. 2005; Tavazzi et al. 2006b; Weiser & Moller 2002) . Considering that the band disappears at about -15°, the inclination of the transition moment to the normal to the surface can be approximately estimated from the experiment to be of the order of -10° (taking into consideration the effect of refraction at the air/crystal interface). Fig. 15. Continuous lines: absorbance spectra of a TPP single crystal taken at different angles of incidence from +30° to -40° on the accessible face (ab) with p-polarized light and the plane formed by the normal to the surface and the direction of polarization of maximum absorption measured at normal incidence (ac plane) as plane of incidence. The portion of the spectrum between about 3.6 and 3.9 eV measured at +30° is affected by saturation. Dashed line with diamonds: normal-incidence spectrum with orthogonal (b) polarization). Inset: absorbance spectrum taken at normal incidence on a thicker crystal with b polarization.
T h e m a i n b a n d o b s e r v e d i n F i g . 1 5 i s a t t r i b u t e d t o t h e ac polarized exciton transition originating from the L molecular one, which is expected to be the strongest peak in the spectra. It reveals several structures (the lowest one at 2.73 eV, followed by shoulders at 2.97, 3.18 eV and by a peak centred at about 3.52 eV before the saturation region), which are easily detected for the highest angles of incidence and are attributed to vibronic replicas. The corresponding b excitonic component is not clearly observed in the spectra of Fig. 15 , but it is recognizable in the spectrum (inset) taken in the same configuration on a thicker crystal with replicas of decreasing intensity at 2.65, 2.84, and 3.03 eV. On the basis of the calculated transition moments, the intensity ratio between the ac polarized and b polarized excitonic transitions is predicted to be of the order of 10 4 . This ratio decreases for normal incidence spectra, where the intensity ratio between the a-component of the ac exciton and the b exciton is predicted to be about 200. Since the ac exciton transition dipole is nearly perpendicular to the ab plane, the predicted ratio is only a rough estimate: a change as small as 1° degree in the molecular dipole inclination can produce a reduction of a factor 10 in the estimated intensity ratio. In any case, these low values explain the difficulty to detect the b excitonic transition for the thin sample whose spectra are shown in Fig. 15 . The results of the optical characterization also indicate that the accessible face is the ab face (and the spectra in Fig. 15 were taken with ac as plane of incidence). Moreover, the b axis is a material principal axis and ac is a principal plane, thus explaining the extinction of the transmitted light under crossed polarizer and analyzer (Spearman et al. 2005 ). The energy difference between the lowest b-polarized peak (the most intense replica of the progression) and the centre of the ac polarized band measured at oblique incidence for positive angles is about 1.2 eV. Therefore, TPP satisfies the conditions of the strong excitonic coupling
: the ac exciton is almost free, it possesses nearly all the available oscillator strength and it is considerably blue-shifted with respect to the molecular electronic transition. The ac polarized replicas in the spectral region between 2.7 and 3.6 eV are built on the lower b polarized excitonic band and obtain their oscillator strength through an intermolecular Herzberg-Teller coupling to the nearly free ac polarized exciton (Silvestri et al. 2009; Spano 2003 Spano , 2004 Spano et al. 2007; Tavazzi et al. 2006a ). On the contrary, the b polarized exciton is very weakly allowed and it is more strongly coupled to phonons, showing a vibronic progression. On the basis of the calculations and the measurements in solution, other excitonic transitions are expected originating from the higher molecular electronic transitions (Tavazzi et al. 2010a) . Indeed, in the b-polarized normal-incidence spectrum, a relatively weak structure is also detected between about 3.4 and 4.0 eV, showing poorly defined replicas. A similar band cannot be excluded in the a-polarized spectrum below the ac exciton of L origin. Figure 16 summarises the Davydov splitting of the electronic optical transition at lowest energy from the molecule to the crystal. The structural and optical characterization indicates that the crystals show an almost H-type aggregation of the electronic transition moment at lowest energy with strong excitonic coupling, giving rise to a large splitting of about 1.2 eV between an intense and almost free excitonic state polarized along the normal to the crystal surface and a weak b-polarized component. This large splitting results from the combination www.intechopen.com of the high oscillator strength and the steep inclination to the normal to the surface of the transition moment. Indeed, the splitting is demonstrated to be proportional to (
where k inc is the wave vector of the incoming light (|k inc |~0) and d is the excitonic dipole moment (Philpott 1969; Spearman et al. 2005; Tavazzi et al. 2006b; Weiser & Moller 2002) . Thus, TPP is an example with strong directional dispersion (energy and shape of the absorption band are strongly dependent on the angle of incidence on the crystal face).
Conclusion
In this chapter, we have reported some relevant effects on the optical properties of molecular solids related to the packing of the molecules in the crystal lattice using the general theory of molecular excitons. Three prototypical examples have been taken into consideration: (i) 1,1,4,4-tetraphenyl-1,3-butadiene (TPB), (ii) dibenzo [d,d′] thieno[3,2-b;4,5-b′]dithiophene (DBTDT), (iii) N-pyrrole end-capped thiophene/phenyl co-oligomer (TPP). First of all, we have described few methods, which are often used for the crystal growth. The physical vapour growth requires a crucible for the starting material, a tube under inert-gas flow, and a furnace. An alternative method is the floating-drop technique, which requires two liquids, the molecule of interest being completely insoluble in one of them. The size of the grown crystals is typically relatively large. The third method that we have described is the melt growth, which is applicable when the molecular species possesses a well-defined melting point and remains stable at the corresponding temperature. Future opto-electronics device structures may exploit the crystalline form of molecular materials, but limiting factors are the control of their growth and device integration. A promising technique to o v e r c o m e t h i s b a r r i e r i s t o g r o w c r y s t a l s from the melted compound, which can be incorporated into well-defined device geometries. As an example, we have shown the evolution during the TPP melt growth of the colour of the emission observed under a fluorescence microscope. The emission is green and isotropic when the compound is melted, but, upon decreasing the temperature, crystallization takes place and abruptly the green regions clearly show orange borders and dark exposed surface (with self-waveguiding of the emitted light). The discussion of the UV-visible optical properties of molecular crystals is based on the Frenkel-Davydov exciton theory. First of all, we have mentioned a few important differences between organic and inorganic semiconductors in the framework of solid-state physics. The main differences are the different interaction energies among the molecules/atoms, the different energy dispersions of the electronic bands in the Brillouin zone as a function of momentum (and thus the different effective masses of the charge carriers), the formation of different types of excitons (either Frenkel-Davydov or WannierMott ), the differences in the packing of the constituent molecules/atoms, with possible strong optical anisotropy in the case of molecular solids, the different interactions of the respective excitons with vibrations/phonons. The Frenkel-Davydov theory underlines these aspects. It has been described and used to deduce the dielectric tensor of the three mentioned materials. As far as TPB is concerned, it has been taken into consideration to discuss possible remarkable differences between polymorphs of the same molecular species. Indeed, a common consequence of different packing of the same molecular entity is polymorphism, i.e. the occurrence of different crystalline phases. We have discussed that the different redistribution of the excitonic oscillator strength for the two polymorphs of TPB arises from the relative orientation of the butadiene skeleton between individual molecules in the two unit cells. In the  phase the butadiene backbones are arranged in a sort of herringbone structure, while in the phase they are parallel to each other and almost parallel to one of the unit-cell axis. As a result, only one excitonic state dominates the UVvisible absorption spectrum, which has twice the intensity of the corresponding transitions in the  polymorph. These differences produce, in turn, differences in the exciton-vibration interaction. As discussed in the chapter, the coupling of the electronic states with vibrational modes can induce shifts of the maxima of the optical bands resulting from a redistribution of the oscillator strength among the replicas. For example, for TPB the replicas at lowest energies are favoured in the  phase (J-type interaction), while the normal-incidence spectra of the polymorph shows a shift of the maximum in absorption to higher energies due to the positive interaction energy for the upper transition (H-type interaction). DBTDT has been used as example to discuss the possible changes of the order of the excited states due to intermolecular interactions. The optical bands have been attributed to excitonic transitions showing a vibronic progression. However, there is no correspondence between the replicas observed at lowest energy in the solid state (originating from the second molecular transition) and the strong electronic transition at lowest energy of the molecule in solution (originating, as expected, from the first molecular transition). The remarkable blueshift in the crystal of the first molecular transition is explained by the arrangement of the corresponding molecular transition moments forming a pure H aggregate. Finally, TPP offers a prime example of the phenomenon of directional dispersion in which the molecular orientation within the crystal lattice affects the absorption spectra. This crystal shows an almost H-type aggregation of the electronic transition moment at lowest energy with strong excitonic coupling, giving rise to a large splitting at normal incidence of about 1.2 eV among the two allowed excitons. This large splitting results from the combination of the high oscillator strength of the molecular transition and the steep inclination to the normal to the surface of the transition moment since the splitting is proportional to the scalar product of the wave vector of the incoming light and the excitonic transition moment. Therefore, the energy and shape of the absorption band are strongly dependent on the angle of incidence on the exposed crystal face. The chapter is mainly focused on the UV-visible absorption properties. A full description of the polarized emission spectra of molecular crystals requires the study of the excitonic bands in the whole first Brillouin zone (not only at the center of the Brillouin zone as for the interpretation of the absorption properties). However, some discussion on the emission properties has been given. For example, we have mentioned which are the expected directions and polarizations of either the zero-phonon emission transition or its replicas. We underline that future device structures may exploit the crystalline forms of molecular solids to provide highly directional emission useful in laser applications (vertical surface emitting geometries) or edge emission.
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